Abstract. Soil-transmitted helminths, or parasitic intestinal worms, are among the most prevalent and geographically widespread parasitic infections in the world. Accurate diagnosis and quantification of helminth infection are critical for informing and assessing deworming interventions. The Kato-Katz thick smear technique, the most widely used laboratory method to quantitatively assess infection prevalence and infection intensity of helminths, has often been compared with other methods. Only a few small-scale studies, however, have considered ways to improve its diagnostic sensitivity. This study, conducted among 4,985 school-age children in an area of rural China with moderate prevalence of helminth infection, examines the effect on diagnostic sensitivity of the Kato-Katz technique when two fecal samples collected over consecutive days are examined and compared with a single sample. A secondary aim was to consider cost-effectiveness by calculating an estimate of the marginal costs of obtaining an additional fecal sample. Our findings show that analysis of an additional fecal sample led to increases of 23%, 26%, and 100% for Ascaris lumbricoides, Trichuris trichiura, and hookworm prevalence, respectively. The cost of collecting a second fecal sample for our study population was approximately USD4.60 per fecal sample. Overall, the findings suggest that investing 31% more capital in fecal sample collection prevents an underestimation of prevalence by about 21%, and hence improves the diagnostic sensitivity of the Kato-Katz method. Especially in areas with light-intensity infections of soil-transmitted helminths and limited public health resources, more accurate epidemiological surveillance using multiple fecal samples will critically inform decisions regarding infection control and prevention.
INTRODUCTION
Soil-transmitted helminth (STH) infections are among the most prevalent and geographically widespread parasitic infections in the world. According to the World Health Organization (WHO), around 24% of the world population is currently infected. 1 In developing countries, approximately one billion people are infected with at least one of the four common species of STHs: roundworm, Ascaris lumbricoides; whipworm, Trichuris trichiura; and the hookworms, Necator americanus and Ancylostoma duodenale. 2 Furthermore, STH infection has significant health costs, with symptoms ranging between weakness, blood loss, and anemia to cognitive and physical impairment. 1 Detection of helminth infection is critical for epidemiologic surveillance and treatment plans. Accuracy is especially important because public health officials rely on infection statistics to determine where and when to implement a deworming intervention. Epidemiological assessment of helminth infection usually examines two components: prevalence, the proportion of infected persons in the population at a given time, as well as the intensity of infection, the number of eggs per gram (EPG) of feces. Parasitological diagnosis of infection is performed with microscopic techniques that detect helminth eggs in fecal samples. The Kato-Katz thick smear technique, recommended by WHO, is the most widely used laboratory method to quantitatively assess both infection prevalence and infection intensity of STHs. 3 The Kato-Katz method involves microscopic examination of a fecal sample to count the number and species of eggs that are present. 4 The technique is particularly suited for diagnosis of helminths in endemic countries because the protocol is low cost, simple to perform, and easy to reproduce. 3 Various studies have compared the Kato-Katz technique to other methods and confirmed its high sensitivity for diagnosis of STHs, although the degree of sensitivity varies among the different species of helminths. [5] [6] [7] [8] [9] [10] [11] A meta-analysis of diagnostic tests for STH infections assessed the sensitivity of the Kato-Katz technique and found that the estimated sensitivity of the test ranged from 63.0% for hookworm, to 64.6% for A. lumbricoides, to 84.8% for T. trichiura. 12 Another analysis by a different research team found that sensitivity of the Kato-Katz technique was 65.2% for hookworm, 96.9% for A. lumbricoides, and 91.4% for T. trichiura.
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A key critique of the Kato-Katz technique is that it may be less sensitive in a setting of lower intensity STH infections. 14, 15 One reason for this reduced sensitivity points to the cyclical egg-laying nature of helminths, which results in daily fluctuation in the quantity of eggs excreted in the feces. 16, 17 For a female A. lumbricoides, the daily egg production may vary between 73,000 and 227,000 eggs on six consecutive days. 18 For T. trichiura and hookworm, however, a much smaller number of helminth eggs are excreted over days and may escape detection in the small quantity of feces examined with the Kato-Katz smear.
14 Thus, there is a high probability of false negative test results (diminished sensitivity) with the diagnostic method when only one fecal sample is obtained.
Therefore, in theory, obtaining multiple fecal samples can increase the sensitivity of the Kato-Katz technique. Indeed, a few studies have documented an increase in the detection of helminths by obtaining multiple fecal samples collected over several consecutive days. [13] [14] [15] 19, 20 These studies, however, had relatively small samples, with sample sizes ranging between 101 and 342. 14, 15, 19 The two largest existing studies reached sample sizes of N = 1,055 20 and N = 2,149 13 individuals. Further, while some of the studies used up to five fecal samples, 15 none of them provided a cost-benefit analysis. Without cost analysis, we know little about the marginal monetary costs of adding samples compared with the marginal gains in sensitivity of each extra sample.
In this study, we address the two gaps in the current literature. In particular, we consider a large sample of 6,720 school-age children in rural Guizhou Province, where prevalence of STH infection is endemic. 21 For the 4,895 children who provided two stool samples, we compare the prevalence obtained by the Kato-Katz thick smear technique when examining two fecal samples collected over consecutive days versus a single fecal sample.
Furthermore, we offer insight into the cost-effectiveness of multiple fecal sampling. Despite the size of the study, we brought in necessary structures that were not already in place. These structures included hired local health practitioners for fecal sample collection and transportation for the fecal samples, as well as payment for laboratory workers. By setting in place such logistics from the ground up, and monitoring their costs, we are able to estimate the cost-effectiveness of obtaining an additional sample in a real-world helminth surveillance scenario.
METHODS
Study population. We conducted a cross-sectional study among schoolchildren in rural Guizhou Province in southwest China, where previous epidemiological surveys found an endemic prevalence of STH infection. 21, 22 The study had two waves, in May 2013 and April 2014. Over the two waves, we asked 6,720 schoolchildren from 112 townships to participate. Out of this sample, 4,985 provided two fecal samples (Figure 1 ).
Field and laboratory procedures. Fecal sampling and parasitological testing occurred once during each wave. All children participating in the study were informed about the sampling process, and were asked to submit two fecal samples over two consecutive days. The study team visited the schools once per day to collect the samples, which were stored in a temperature-controlled cooler until delivery to the laboratory. Members of the study team transported the fecal samples in a temperature-controlled cooler to the laboratory of the county branch of the Centers for Disease Control and Prevention (CDC). All fecal samples were tested on the same day they were collected.
The two fecal samples for each child were processed and analyzed microscopically using the Kato-Katz thick-smear technique 4 for four types of STH infections: A. lumbricoides (Ascaris), Trichuris trichura (Trichuris), and hookworm, (which include both Ancylostoma duodenale and Necator americanus). From each sample, two smears were taken: one smear was tested the same day on-site, and the second was treated using a formaldehyde preservation technique and sent for quality control to the headquarters of the National Institute for Parasitic Diseases in Shanghai.
A child was considered positive for STH infection if at least one of his/her fecal samples tested positive for one or more species of STHs. Among fecal samples that tested positive for STH, fecal egg counts were measured on a per-species basis, by calculating the geometric mean number of EPG in each fecal sample.
Statistical analysis. Statistical analyses were performed using STATA 12.0 (STATA Corp., College Station, TX). P values below 0.05 were considered to be statistically significant. The statistical significance of differences in outcomes by subgroup populations was assessed using the t test function in STATA.
Ethical approval. This study received ethical approval from the Stanford University Institutional Review Board (Protocol ID 25027), and from the Sichuan University Ethical Review Board (Protocol ID 2013005-02). All participating children gave oral assent prior to data collection, and the children's legal guardians gave written consent for their children's involvement in the study.
RESULTS
Study population and procedure compliance. Figure 1 details the study participation and procedure compliance of the 6,720 children enrolled in the study. Overall, the twosample fecal collection procedure had a compliance rate of 74.2%. Only the subgroup of 4,985 children who submitted two fecal samples over consecutive days were included in the analysis. Table 1 shows background characteristics of the final study population. Supplemental Appendix Table 1 presents t test results of differences in background characteristics by compliance with the fecal sampling procedure. Except for a few characteristics, there were no significant differences between children who submitted one versus two fecal samples.
Infection prevalence and intensity. Table 2 presents findings on the calculated per-species prevalence and infection intensities from examination of a single fecal sample compared with two fecal samples. Prevalence of infection with any of the three main types of STHs was found to be 31.7% (95% confidence interval [CI] = 30.4-33.0) using the first samples only, and 30.6% (95% CI = 29.4-31.9) using the second samples only. FIGURE 1. Flow chart of study participants and compliance with the fecal sampling procedure. Reasons that children did not provide a second stool sample include: The child did not have a bowel movement on one of the sample collection days; the child was absent from school on one of the sample collection days; and the child accidently misplaced their stool sample container. Of the 4,985 children that submitted two samples, 2,764 were included in both waves of data collection, whereas the remainder (2,221) were in only one wave. Figure 2 displays the increases in the infection prevalence that are observed on examination of two fecal samples. Multiple fecal sampling resulted in increases in the determined infection prevalence for all helminth species. The observed prevalence of infection with any of the three main types of STHs was 37.6% (95% CI = 36.3-39.0) with the examination of two fecal samples, which was an 18.6% increase (P < 0.001) from the prevalence obtained if only the first day's samples were tested, and a 22.9% increase (P < 0.001) from the prevalence if only the second day's samples were tested. The average of the two increments is almost 21%.
IMPROVING DETECTION OF SOIL-TRANSMITTED HELMINTHS
Supplemental Appendix Table 2 presents findings on the calculated per-species prevalence and infection intensities from examination of a single smear slide compared with two slides. Prevalence of infection with any of the three main types of STHs was found to be 32.0% (95% CI = 29.0-34.9) using the first slide only, and 34.8% (95% CI = 31.8-37.8) using the second slide only. Multiple slides resulted in increases in the determined infection prevalence for all helminth species. The observed prevalence of infection with any of the three main types of STHs was 40.2% (95% CI = 37.2-43.3) with the examination of two slides, which was a 33.1% increase (P < 0.001) from the prevalence obtained if only the first slide was tested, and a 15.5% increase (P < 0.001) from the prevalence if only the second slide was tested. The average of the two increments is almost 24%.
Cost of examining an additional fecal sample. Table 3 presents a breakdown of cost estimates for collecting fecal samples for 6,720 children, 4,985 of whom provided the two samples. The fixed costs of the epidemiologic surveillance involved setting up the fecal collection sites in schools, setting up the laboratory at the county CDC, and training of field collectors and laboratory scientists. These costs totaled USD10.23 (62.40 yuan, at an exchange rate of 6.1 Chinese yuan to USD1 at the time of the survey) per student. The variable costs, on the other hand, included sample collection and laboratory costs, which depended on the number of samples. For one fecal sample, the variable costs were USD4.60 (28 yuan).
The cost of obtaining the first fecal sample was calculated as the sum of the fixed costs and the variable costs for one sample, which together totaled USD14.83 (90.40 yuan). To add one additional fecal sample, the total expenditure increased by an amount equal to the variable costs per sample. More precisely, USD4.60 (28 yuan) was the cost of obtaining the additional sample and increasing the sensitivity by 21%.
DISCUSSION
The aim of this study-conducted in a helminth-endemic region of rural Guizhou, China-was to compare the diagnostic sensitivity for the multiple fecal sampling method versus the single sampling one when using the Kato-Katz technique to detect STH infection. A one-sample examination for 4,985 children resulted in a prevalence (the percentage of children who were infected with at least one of the helminth species) of 31.7% on day 1 and 30.6% on day 2. The cumulative prevalence, however, revealed by the two-sample method was 37.6%. This 21% average increase in the true positive rate, and the subsequent improvement of the KatoKatz diagnostic sensitivity, we conclude, represent the value of examining an additional fecal sample.
The observed infection prevalence also increased on a perspecies basis: increases of 23%, 26%, and 100% occurred for A. lumbricoides, T. trichiura, and hookworm infection, respectively, when data from two fecal samples were considered versus one on either day. This biologic variability in egg output means that unless multiple fecal samples are taken across consecutive days, a single sample may miss the diagnosis of helminth infections in over one-fifth of the population.
Our study fills in a gap in the current literature with two strengths. The first is the large sample size (N = 4,985). Our results precisely and substantially corroborate the findings of these studies, which noted increases in infection prevalence on examining multiple fecal sampling.
Importantly, this study accounts for the feasibility and costeffectiveness of the surveillance methodology. Previous studies have considered the use of three 14, 19 or even five 15 fecal samples. Theoretically, added samples should improve the sensitivity of the technique. Practically, as we demonstrate and observe, it would be very costly to attain these last increments of improved sensitivity. As shown by the cost breakdown, doubling the number of fecal samples, though beneficial, increased the costs by 31%. Using more samples would add even more expenses to an already resourceintensive undertaking. Areas with persistently high rates of helminth infection are generally poor and have limited access to public health resources, which means that surveillance programs will have to bring in the needed resources such as laboratory equipment and workers. Further, in areas where the population in question is geographically spread-out, additional costs may be incurred. Our study population, for instance, was spread-out over 112 rural townships in seven counties in Guizhou, China. This geographic expanse led to additional costs including worker compensation, transportation, and local guide fees. Using more fecal samples would further increase the costs and are unlikely to produce significant gains in sensitivity.
As our results show, investing an additional USD4.60 for one additional fecal sample was sufficient to generate substantial improvements in diagnostic sensitivity. The policy implications of our study are considerable. An improvement in sensitivity of 21% could be enough to move a population from one WHO treatment category to another, which has the potential to dramatically change the suggested intervention for said population (from either no mass treatment to annual treatment, or from annual treatment to biannual treatment). For populations with relatively higher prevalence of T. trichiura and hookworm, the improvement in sensitivity could be even higher.
A limitation of our study was that the majority of fecal samples from the children were not produced on-site at the time of collection, meaning that there could have been a delay of up to a few hours between children delivering their samples and reaching refrigeration facilities at the school or village clinic. One study of helminth diagnosis in different conditions observed that a time delay of more than 3 hours between fecal collection and laboratory testing led to nearly a 50% decrease in sensitivity for hookworm detection using the Kato-Katz technique. 23 Our study team made an effort to transport the refrigerated samples as quickly as possible from the field to the laboratory; however, it is possible that time delays between fecal production (by the children) and parasitological testing led to some degradation of hookworm eggs. This may have contributed to the relatively low hookworm prevalence identified in our population. Although the Kato-Katz technique has high sensitivity for diagnosis of A. lumbricoides and T. trichiura, the sensitivity for detection of hookworm eggs is significantly lower. 12, 13 Thus, future studies examining the improvement in diagnostic sensitivity with multiple fecal samples may achieve greater accuracy in assessing hookworm detection if another diagnostic method, such as the Koga agar plate technique, 24 is used in combination with the Kato-Katz technique.
14 One limitation to our cost calculations relates to the potentially larger sample size involved in a conducting a formal surveillance survey. Some of the fixed costs that we list (such as the laboratory fees) may be truly fixed and might not change significantly regardless of sample size. If, during a scaling up process, the fixed costs rise at a lower rate than the variable costs, the marginal cost would be proportionately higher than what we observe in our study, potentially leading to a different cost-benefit assessment. That said, our calculations are based on a population size of nearly 5,000 students. This is more than sufficient for a typical surveillance program, so we do not anticipate significant increases in sample size that would affect the calculations reported here.
Diagnostic sensitivity is critical for accurate epidemiological surveillance, particularly in areas with light-intensity infection of STHs. Public health officials in endemic countries rely on infection prevalence from the field to make decisions regarding whether a control program is needed, and how frequently to treat and prevent infection. The WHO, for instance, recommends different treatment strategies for different prevalence. 25 We find that examining a single fecal sample to determine infection prevalence insufficiently measures infections for all three types of STHs. Such an underestimation could lead to inadequate or inappropriate treatment program strategies, which would make reduction efforts inadequate.
We conclude that in areas with light-intensity infections of STHs, epidemiological surveillance can be substantially improved by obtaining two fecal samples on consecutive days for improved diagnostic sensitivity to determine infection prevalence.
